We consider the issue of the top quark Yukawa coupling measurement in a model independent and general case with the inclusion of CP-violation in the coupling. Arguably the best process to study this coupling is the associated production of Higgs boson along with a tt pair in a machine like the International Linear Collider (ILC). While detailed analyses of the sensitivity of the measurement assuming a Standard Model (SM) -like coupling are available in the context of ILC, conclude that the coupling could be pinned down at about 10% level with modest luminosity, our investigations show that the scenario could be different in case of a more general coupling. The modified Lorentz structure resulting in a changed functional dependence of the cross section on the coupling, along with the difference in the cross section itself leads to considerable deviation in the sensitivity. Our studies with an ILC of center of mass energies of 500 GeV, 800 GeV and 1000 GeV show that moderate CP-mixing in the Higgs sector could change the sensitivity to about 20%, while it could be worsened to 75% in cases which could accommodate more dramatic changes in the coupling. While detailed considerations of the decay distributions point to a need for a relook at the analysis strategy followed for the case of SM such as for a model independent analysis of the top quark Yukawa coupling measurement. This study strongly suggests that, a joint analysis of the CP properties and the Yukawa coupling measurement would be the way forward at the ILC and that caution must be excercised in the measurement of the Yukawa couplings and the conclusions drawn from it.
I. INTRODUCTION
The recent discovery of a Higgs-like particle by the Large Hadron Collider (LHC), weighing about 125 GeV/c 2 [1] [2] [3] [4] [5] [6] [7] , quite positively indicates that the Higgs mechanism is at work to bring in electroweak symmetry breaking, thus providing mass to the elementary particles. While one of the parameters, namely the mass of the new particle, is somewhat precisely determined in different detection channels, and by two independent experiments, one need to go a long way before establishing the full identity of this particle, in terms of its couplings to other particles, as well as in terms of its constitution. At the same time, the reasons to look beyond the SM will not be diminished, even if the new resonance has all the properties as expected within the SM. For example, concerning the Higgs sector, one will still need to cure the quadratically divergent quantum corrections to the mass of the standard Higgs boson. The other reasons include, existence of the dark matter, the existence of neutrino masses, baryon asymmetry, etc, which clearly indicates the need to look beyond the SM. Indeed, the newly discovered particle, with the understanding of its properties will provide the much needed handle in the search beyond the SM. With the limitations of a hadronic machine, the LHC may not be able to exhaustively study the properties of the new resonance 1 . On the other hand, the clean environment of the proposed International Linear Collider (ILC) [12, 13] , which is an e + e − collider, will help carry out precision experiments on elementary particles and establish their properties, including that of the purported Higgs Boson, which here we shall denote by Φ. The possibility of beam polarization could significantly enhance the sensitivity of ILC in general, and also to probe beyond the SM signals [14] .
The process that is of interest to us in this work is:
This process is, by definition, key to the measurement of the top quark Yukawa coupling to the Higgs. The Feynman diagrams, at tree level, corresponding to this process are given in Fig. 1 . This include the Higgs-strahlung process (with ZZΦ coupling), the contribution of which to the total cross section is about 5%. We invite the attention of the reader to Ref. [15] [16] [17] and references therein for some early work on this topic. More recently, the process has attracted renewed attention in Refs. [18, 19] , which present a detailed analysis of the background involved and the feasibility of ILC to measure the top Yukawa coupling, concluding that the ILC at 800 GeV center of mass energy is best suited for such measurement. The issue of threshold corrections due to tt bound state effects, more relevant at center of mass(c.m.) energy close to 500 GeV, are considered in some detail in Ref. [20, 21] , which also carried out detailed and sophisticated analysis, including considerations of the signal and backgrounds in various channels, with the help of prototype ILC event generators, and making use of the beam polarization. Restricted within the SM, these studies have established that the top quark Yukawa coupling could be measured with an accuracy of about 10%. The direct measurement of the coupling, using the semi-leptonic decays of the W 's coming from the top quarks is considered in Ref. [22] , which concludes that the accuracy of the determination of the coupling is about 30%. The guiding relation between the limit with which Yukawa coupling (g M t ) can be measured, and that of the cross section (σ)is [23] ,
where, g t is considered as a variable, and g M t is the top yukawa coupling for the model under consideration, which is to be evaluated at top mass, m t = 173.5 GeV. It may be noted that, while ∆σ depends on the details of the experimental efficiency of isolating the signal over the background, apart from detection efficiencies relevant to the final states involved, the pre-factor, σ/gt |dσ/dgt| gt=g M t depends crucially on how the cross section depends on g t . It is easily imagined in a beyond-the-SM (BSM) scenario with multiple Higgs fields participating in electroweak symmetry breaking (EWSB), to have the functional dependence of the cross section on the Yukawa coupling different from that in the SM [24] . For example, cases with CP-mixed Higgs bosons will have a ttΦ coupling with different Lorentz structure than that of the SM, which can complicate the dependence 2 . A priori, it is not clear what kind of differences are expected in the prefactor in the presence of anomalous couplings, compared to the SM case. Neither is it clear, if the signal significance remains the same in both cases. It is the purpose of this work to attempt to answer this question, without getting into the detailed analysis.
While, it has been reported by the LHC collaborations, that the new resonance is very likely a scalar, the spin and parity studies so far are very limited. Investigating the case of a scalar-pseudoscalar admixture should involve a different strategy that what has been adopted so far. Most of the multi-Higgs models, including the two Higgs doublet model (2HDM), and the Minimal, and Next-to Minimal Superpsymmetric Standard Models (MSSM and NMSSM) are some of the popular extensions of the SM with CP-odd as well as CP-even scalar particles in their CP-conserving versions. Inclusion of CP violation in the Higgs sector of such models allow CP-mixed physical scalars. Phenomenology of such possibility has been considered in the literature [26] [27] [28] [29] . In a recent study [30] it has been pointed out that the ILC is an ideal setting to probe the CP nature of the Higgs Boson in the process considered here. It is clear that the scalar and pseudo-scalar parts of a CP-mixed Higgs Boson will couple differently to different polarization combinations of the top quark and top antiquark. Suitable observables involving top quark polarization, such as polarization asymmetry, could therefore probe the CP-nature of the Higgs boson through this process. With the combined use of total cross section, its energy dependence, the polarization asymmetry of the top quark, and the up-down asymmetry of the antitop with respect to the top quark -electron plane, Ref. [31] has shown that the CP properties can be efficiently probed through the same process of ttΦ production at ILC. The other process being scrutinized to investigate the CP nature of the Higgs is e + e − → ZΦ, with the Higgs boson decaying to τ lepton pairs [32] [33] [34] . A general case of model independent effective anomalous couplings is studied by Ref. [35] .
In our recent work [36] , we have studied the possibility of fingerprinting the departure from the CP-even case in decay distributions of the process in Eq. (1) . In this study, two definite scenarios, which we denote as Model I and Model II, have been considered. Model I corresponds to the minimal extension of the SM with one additional pseudo-scalar degree of freedom, which mixes with the SM scalar to form the physical Higgs Boson [30] . This model is characterized by one free parameter, and the tt coupling to scalar and pseudo scalar are related by a sum rule that the sum of the squares of the couplings is the same as that of the square of the SM coupling. Similarly, the ZZΦ coupling is scaled by the same parameter that scales the scalar coupling to tt, as the gauge bosons do not couple to pseudo scalars at tree level. Model II is a more realistic case, similar to the CP-violating 2HDM model, which has some essential features that make it quite different from Model I. In particular, there is no theoretical constraint (sum rule) on the parameters, and the scaling of the ZZΦ coupling is not necessarily scaled by the same parameter that scales the scalar coupling to tt, which is true in general in multi-Higgs models with more than one Higgs field transforming non-trivially under SU (2) L . Confining ourselves to some reasonable ranges of these parameters guided by the experimental indications that the new resonance is close to a CP-even case, we considered the effect of CPviolating Higgs Boson in the decay spectrum of both the top quark as well as the Higgs boson itself, noting that the decay distributions are the spin analyzers of the parent particle. In view of the remarks above, it is a natural extension of this work to understand the impact of such CP-indefinite Higgs boson on the top quark Yukawa coupling measurement. In the present work we address this issue. In order to perform numerical analysis, we have used the integrated Monte-Carlo and event generation package WHIZARD [37] , which incorporates the SM, as well as some of its popular extensions. Further,WHIZARD also allows to incorporate any new model described by a Lagrangian, through an interface [38] generated using FeynRules [39] . In particular, for our analysis, we have considered a suitably modified version of the model including the anomalous ttΦ coupling as prescribed by Model I and Model II mentioned above.
The scheme of this paper is as follows. In Section II we first introduce and describe the basic structure of an indefinite CP Higgs sector in the two scenarios mentioned above. In Section III we describe the processes we consider. In Section IV we present the results of our analysis. In Section V we present a discussion and our conclusions.
II. TOP YUKAWA COUPLING
After the discovery of Higgs boson studying its properties in much detail is the foremost task which will further establish Higgs symmetry breaking mechanism. The Standard Model contains one Higgs doublet which by acquiring vacuum expectation value (vev) results in a CP-even physical scalar field. The heaviness of the top quark makes it possible to study the fermion-Higgs interactions at the production level, augmenting to the possibilities through the fermionic decay channels. In SM the strength of Yukawa couplings to fermions at tree level is given by
where v = 246GeV is the vacuum expectation value and M f is the mass of fermion. For a top quark of mass M t = 174GeV, the Yukawa coupling is given by y ttΦ = 0.71. QCD and weak corrections to this coupling are estimated to be about 10%. While this is so, there are compelling reasons to look beyond the SM, as indicated in the Introduction. Many of the scenarios proposed to go beyond the SM have more complex Higgs sector, offering possibilities of more than one physical Higgs bosons. In the CP-conserving scenarios, some of these are scalar particles, and some are pseudoscalar particles, while in the CP-violating cases, the scalar-pseudoscalar mixing could result in CP-indefinite Higgs bosons. For example, in one of the minimal extensions of the Higgs sector beyond the SM, an additional SU (2) L doublet field is introduced in the Two-Higgs Doublet Model (2HDM), resulting in five physical Higgs bosons, one of which is CP-odd neutral particle. In such multi-Higgs scenarios, the Yukawa coupling is in general expected to be different from that of the SM case. While in the CP-conserving cases, there could maximally be a scaling of the Yukawa coupling, compared to its SM value, in the CP-violating cases, there is a different Lorentz structure involved in the coupling. Such a CP-indefinite state will also couple differently to the gauge bosons. Concerning the present study, we shall focus on the ttΦ production at ILC, relevant to which, both the ttΦ as well as ZZΦ couplings take a form, which may be parametrized as follows [30, 35] .
Here,
, where θ W is the Weinberg angle. In the SM with only one scalar Higgs Boson (h), the parameters take values a = 1, b = 0 and c = 1. In specific models, all these parameters may not be independent. In the following we will describe two simple scenarios that are phenomenologically viable, and can be linked to some of the popular extensions of the SM.
A. Model I
One of the most simple and straightforward extensions of the Higgs sector of the SM to incorporate CP violation is to imagine the presence of an additional pseudoscalar degree of freedom (A), which mixes with the scalar degree of freedom to produce a physical states:
Considering Φ as the 125 GeV resonance 3 , being under investigation here, the parameters a and b above are identified as a = cos θ and b = sin θ, which are now constrained by
Since the SM gauge Boson, Z does not couple to the pseudo-scalar degree of freedom, we have c = a in this scenario.
The down-type quarks as well as the charged leptons will also have the same coupling structure as that of the up-type quarks, so that, for example, the b-quark coupling becomes
In the following, we call this scenario as Model I. The advantage here is that there is only one additional parameter to deal with, making it very friendly to perfom phenomenological investigations. The disadvantage is that, most of the realistic extensions of the SM with multi-Higgs scenarios have more complex Higgs sector, which do not support the above constraint.
B. Model II
In more realistic extentions of the SM, the Higgs sector allows a more relaxed assignment of the parameter values compared to the scenario in Model I above.
In a completely model independent approach we can treat parameters a, b to be independent of each other. Some specific cases of this scenario, are the 2HDM and MSSM with CP violation where there are two Higgs doublet fields, leading to two neutral scalar bosons and one neutral pseudoscalar boson which could mix with each other. Thus the physical mass eigenstates are given as:
where φ 1 and φ 2 are the scalar gauge eigenstates, and A is the pseudoscalar gauge eigenstate [40] . This, in effect, removes the restricting relations between the parameters a, b and c. For ready reference we take the example of MSSM case (or 2HDM) with CP violation in the Higgs sector. The couplings of the Higgs Boson with the fermions and the gauge Bosons, where tan β is the ratio of the vev's of the two Higgs fields are given by:
where we have introduced the subscripts u and d on the parameters a and b to denote the up-type and down-type quarks, respectively. The mixing matrix elements satisfy the normalization conditions:
We call this scenario as Model II in the rest of this article. The lightest of the Higgs Bosons, H 1 could be assumed to be the discovered 125 GeV resonance (denoted as Φ) , while H 2 and H 3 are considered to be heavy enough to be out of LHC's range investigated so far.
As mentioned in the Introduction, it will be a little premature to make conclusions regarding the CP properties of the new resonance from the LHC results so far. It can accomodate some amount of sclar-pseudoscalar mixing within specific models like 2HDM, MSSM, and NMSSM with CP-violating Higgs sector. However, the amount of mixing in these models are highly constrained mainly by the results from flavour sector, as well as the atomic edm measurements [44, 45] . At the same time, it is possible to have large values for the parameters, a and b even when the CP-odd component of the physical Higgs boson is small [36] . In the present work, we do not intend to consider any specific model, as the viability of such models, and restrictions on their parameters depend on many constraints outside the considerations of the Higgs sector itself. Instead, we will take a model independent approach, letting the relevant parameters (a, b and c) rather free, but at the same time keeping them within a small range, without any further justification. We call this scenario as Model II in the rest of this article.
In the following sections, we will analyze the effect of the anomalous couplings, employed through the scenarios presented above, in the top quark Yukawa coupling measurements.
III. ANALYSIS METHODOLOGY
The process under scrutiny is the associated production of Higgs Boson with tt pair in e + e − collision. As explicitly shown in the Feynman diagrams in Fig. 1 , this process proceeds through Higgs radiation off the top quarks, or through the Higgs-strahlung off the Z boson. Assuming the eeZ/γ couplings to be standard, the process receive contributions from new physics through the anomalous couplings, ttΦ and ZZΦ. Keeping in focus the main goal of this study, namely, understanding the role of anomalous ttΦ and ZZΦ couplings in the determination of top quark Yukawa couplings, we will follow the analysis strategy adopted in the proposed top quark Yukawa measurements, as in Refs. [20, 21] . The strategy there was to use Eq. 2 to determine the sensitivity of the coupling. It involves determination of two quantities:
, is determined from the slope of σ vs. g t curve. The cross section, σ ttΦ ∝ g 2 t when the contribution of Higgs-strahlung off the Z boson is neglected, leading to prefactor value of 1/2. The inclusion of the Higgs-strahlung modifies this by about 4% to 0.52 [20, 21] . In general, the prefactor is determined by the functional dependence of the cross section on the Yukawa coupling.
(ii) The other factor in Eq. 2, ∆σ/σ = √ S + B/S, where S is the number of signal events, and B is the number of background events. Getting the best (smallest) value for ∆σ σ , is a matter of experimental efficiency, and suitable choice of observables at hand to reduce the background over the signal.
We will first assume that the strategy adopted by Ref. [20, 21] to reduce the background, and enhance the signal significance through the kinematic cuts on suitable variables considered therein are acceptable as it is even in the presence of anomalous couplings. Further, we will consider various kinematic distributions comparing the case of SM and the case of anomalous couplings with the parameters assuming different values. Such a comparison is expected to indicate if the above assumptions regarding signal significance is realistic or not. This is important, as a detailed study of the signal and background, event reconstruction, machine and detector efficiency specific to ILC, etc, ar beyond the scope of this study, and therefore not attempted. Rather, we will be satisfied with a qualitative analysis of the various distributions of the signal with anomalous couplings.
Considering the signal process, we first discuss the different final states possible through different decay channels of ttΦ. We note that, while the top quak decays almost 100% into W b, the Higgs boson of mass 125 GeV could go through bb, W W * and τ + τ − with branching fractions (BR) of 57.7%, 21.5% and 6.32%, respectively in the SM. In our analysis we consider the bb channel alone. This leaves the following distinct final states, depending on the decay chanel of W :
• Pure Hadronic mode: In this mode both the W's decay hadronically (BR=45.6%), resulting in 4 jets + 4b's in the final state.
• Semileptonic mode: In this mode one of the W 's decays hadronically, while the other decays leptonically (BR=43.9%), resulting in 2jets + 4b's + 1lepton + E missing in the final state;
• Leptonic mode: In this mode both the W 's decay leptonincally (BR=10.5%), resulting in 4b's + 2 lepton + E missing in the final state;
In the leptonic decays of the W , we have included only the channels with electrons and muons, keeping aside the tau decay channel. We have also assumed that b-tagging can be performed with high efficiency, and thus b-jets are distinguished from the lighter quark jets. In our further discussion we include the hadronic and semileptonic modes, leaving out the purely leptonic channel, owing to its very small BR, and two missing particles in the final state. This is the strategy followed in other studies of top quark Yukawa coupling measurement through the same process.
Coming to the background, ttZ and ttg * , with pair of b-jets coming from Z and g * ,contribute to the irreducible backgrounds in the corresponding cases. Owing to the large cross section, the tt pair production could also give rise to the background, through event misconstuction.
We will now turn to our numerical studies in the next section.
IV. NUMERICAL RESULTS
For our numerical study, we considered the event generator, WHIZARD [37] , with the model files suitably modified 4 to accommodate the anomalous couplings being studied, viz, ff Φ and V V Φ couplings, where f = t, b, τ and V = Z, W , parametrized through Eq. 4 and 7. We have cross checked the correctness of our implementation by verifying the results of Ref. [30] for the process being scrutinized.
To examine the effect of anomalous couplings on the process, and thus in deriving the Yukawa couplings, we consider the following values of the parameters in the two scenarios presented in the previous section.
• Model I: The only parameter in this scenario is denoted by b, which can assume any value in the range 0 − 1.
Specifically, we have considered b = 0, 0.1, 0.3, 0.5 and 0.7 for illustraton, where b = 0 corrsponds to the SM.
• Model II: As mentioned earlier, we consider a model independent approach in this scenario, with the parameters allowed to vary independent of each other. While this is so, we have kept in mind the most-likely-possibility with the physical Higgs particle being mostly CP-even, and therefore, c is close to unity. At the same time, a and b can be quite different, and can be larger than one. Although we do not follow any particular model, in order to be close to realistic cases, we have chosen the first benchmark point from CP-violating MSSM [36] , and the second one from CP-violating 2HDM (type-II, without SUSY) [41] . Both P1 and P2 have the parameters a and c positive, while b is negative. This seems to be the preferred direction in the case of the specific models considered. It is quite natural to ask what is the effect of signs on these parameters on the cross section, and other observables, and the conclusions drawn from those. To this effect, we consider a few other Bechmark Points (BP), somewhat arbitrarily, with different sign combinations. In Table I we present the values of the parameters corresponding to these BP's.
Considering the effect of the anomalous couplings in the total cross section, in Fig. 2 we present the cross section against the centre of mass energy for different values of b in case of Model I, and for the BP's considered, in case of Model II. In the case of Model I, with 30% pseudoscalar component (b = 0.3), there is about 10% decrease in the cross section at the peak value corresponding to centre of mass energy of 800 GeV. This is increased to about 40% with 70% pseudoscalar component. Coming to Model II, a d abd b d do not affect the production process. They only leave their signature in the decay of the Higgs boson. With P1 and P2, there is substantial difference in the cross section compared to the SM value, with the former having an enhanced effect, while the latter having a diminishing effect. This shows that the effect of the parameter a is somewhat dominating compared to that of the b parameter. Behaviour of the cases of P4 and P5 clearly indicate that the signs of b has no perceivable effect in the total cross section. At the same time, a distinguishable effect of the sign of a is visible comparing the points P4 and P6. Indeed, this is expected to be due to the interference between the diagram involving the ZZΦ coupling with the others. In order to ascertain this, the signs of a and c are switched between P4 and P7, still keeping a relative negative sign. A comparison of P1 and P3 also brings out the different √ s behaviour of the dependence of a and b. While the effect of a does not indicate any considerable change as the √ s is changed, in the case of b, the effects are substantially larger at larger √ s. This advocates that the investigation of the process at a few chosen centre of mass energy values will be more enlightening compared to an analysis sitting only at one centre of mass energy. Between P4 and P7, the signs of a and c are switched, so as to keep a relative negative sign. In order to understand how the above mentioned differences affect the Yukawa coupling measurement, we first focus on the case of ILC running at centre of mass energy of 800 GeV, as the cross section peaks around this value. The cases of 500 GeV and 1000 GeV are also included so as to see the effect of the √ s dependence. In the rest of this section we shall consider each of these cases separately, and discuss the effect of the anomalous couplings on the prefactor as well as the signal significance. We would like to emphasize that, the purpose of this study is to bring home the issues to be addressed while performing Yukawa coupling measurements. We shall also present the decay distributions in order to assertain the need to adopt different strategies of background reduction.We do not attempt to present a full analysis to evaluate the best sensitivity of the measurements. With ILC, it is a general rule that the beam polarization help the phenomenology. In the present case, the initial state polarization does not play a direct role on the final states, except for a changed statistics. As already mentioned, in this study we do not perform any analysis to enhance the signal significance. Rather, we rely on the procedure adopted in the earlier rigorous studies [21, 23] . It is advisable to include a full detector simulation, exploring the advantages of beam polarization in the analysis to understand the complete picture, which is not attempted in this report.
A. ILC with √ s = 800 GeV
Top quark Yukawa coupling measurements at the ILC running with unpolarized beams at a centre of mass energy of 800 GeV were studied in great detail in Ref. [17] for M Φ = 120 GeV within SM. While using the realistic detector simulations, they had neglected the effect of Higgs-strahlung off the Z boson, leading to a different extraction method compared to employing Eq. 2, which is considered in more recent studies.
While considering scenarios involving more general Higgs sector with CP-mixed physical Higgs bosons, we obtained the prefactor for the illustrative parameter choices mentioned above for the two scenarios of Model I and Model II. The prefactor is obtained from the functional dependence of the cross section on the coupling. In Fig. 3 , we present cross section vs Yukawa coupling multiplier curves for Model I (left) and Model II (right) separately. Here and thereafter we will not discuss P5 since it has same production cross section value as P4 and thus it will give no different results than P4. The behaviour of these curves is expected to fit a quadratic equation(A λ As the equation is an exact quadratic equation, the fit is quite accurate, and the errors on the coefficiencts can be neglected. We have generically considered them to be below the permille level. Please note that P4 and P5 fit to the same equation, as they differ by a sign of the parameter b, which has negligible effect. Therefore, we have not presentend the case of P5 in the following. Similarly the case of P7 is identical to that of P3, and therefore not presented here separately. The value of prefactor for Model I obtained from the above turns out to be 0.516 for the SM value, and varies very slowly with change in b to be 0.514 for b = 0.7. In the case of Model II, for P1, P2 and P6 as well the values of the prefactor remain close to the SM value, giving 0.514, 0.519 and 0.512, respectively. The other points, P3 and P4 show slight deviation from the SM value, leading to 0.528 and 0.502, respectively. The case of P7 is identical to that of P3, again showing that it is the relative sign between a and c, that matters, arising through the interference between the two relevant diagrams. By definition, the deviation of the prefactor from the value of 1 2 indicated the influence of the ZZΦ coupling through the Higgs-strahlung contribution to the cross section. As is clear from the parameter values considered, this influence is due to changed values of a and b, rather than the change in c.
The other factor entering ∆g t is the signal sensitivity factor, ∆σ/σ = √ S + B/S. The extraction of this needs signal (S) as well as background (B) events. In order to minimize the background, so as to get the best sensitivity, one employs suitable kinematical cuts, and other procedures. The sensitivity also depends on the efficiency of identification of the relevant final states, as well as the efficiency with which events could be reconstructed. Keeping to the limited scope of this study, we will assume the same machine efficiencies, and background reduction procedures followed by Ref. [42] in obtaining the sensitivity. The procedure we adopted in our analysis is described below. fig.) and Model II(Right fig.) . The signal events are obtained from ttΦ production cross section by considering the braching ratios (BR's) appropriate to the specific channels. That is,
where X denotes the specific final state corresponding to the hadronic or semileptonic channels, whichever is applicable. We note that, with CP-indefinite Higgs boson, the decay widths of Φ → bb, τ + τ − , γγ, gg, W W * , ZZ * are all affected, as the Φbb and ΦV V vertices are all affected. We have taken care of this in obtaining the BR(Φ → bb). On the other hand, the background remains the same in all cases, as the anomalous vertices do not appear in background processes. We present our results for an assumed integrated luminosity of 1000 fb −1 , corresponding to which, the total number of signal events in the hadronic and semilepton channels are presented in Table II . Following Ref. [42] in enhancing the signal over the background, the final number of events are also given in Table II The signal sensitivity, and the top quark Yukawa coupling sensitivity for the parameter points of Model I and Model II, are presented in Tables III and IV, respectively. As can be seen, the dominating factor in the sensitivity of Yukawa coupling measurement is the signal significance, as the prefactor is close to its SM value. In the case of Model I, the increasing value of b, which corresponds to the increasing pseudoscalar composition in the Higgs, result in the worsening of the sensitivity monotonously. While for the SM case (Model I with b = 0), the sensitivity is about 8.7% and 9.6% for hadronic and semileptonic channels, respectively, it is between 13% and 15% for a pseudoscalar composition of 70%. In the case of Model II, P2 and P3 cases in which a is smaller than unity, the sensitivity is worsened, depending on how small the value of the parameter is. For example, with a = 0.5, the sensitivity has gone down to about 20 -22 %. On the other hand, the case of P4 and P6 with |a| = |b| can measure the coupling with sensitivity of about 7%, which better than that of the SM case. Whereas, in the case of P1, although a u = 1.08, the signal events is small compared to the SM case, because of the reduced BR(Φ → bb), due to small value of a d . As mentioned earlier, these variations are mainly due to the changes in the total cross section itself.
In the above, we had assumed that the kinematical cuts that are employed in the case of SM are applicable, in the case with anomalous couplings as well. In reality, the kinematics of the final states could be different in these cases, and therefore, different strategy may be needed to study the machine capability and signal sensitivity. While it is beyond the scope of this study to present an exhaustive analysis in this regard, we shall present some of the simple kinematic distributions in the cases considered.
Assuming partial reconstruction, we consider two different sets of final states to present the distributions.
Higgs is fully reconstructed:
2. top quarks are fully reconstructed: e − e + → ttΦ → ttbb
In order to study the effect of these vertices on kinematical distributions related to signal process, we present various distributions corresponding to our chosen parameter points for Model I and Model II at 800 GeV. To reduce complexity, we consider the decay of top and Higgs separately. Thus we use the following signal prcoesses for the distributions
We consider the energy, angle and transverse momentum distributions of the final state particles in the two models, and compare those with the case of the SM. The case of Model I is found to have similar behaviour for most of the distributions, but with varying total number of events, as presented earlier. Whereas, the case of Model II some of the BP's have distinctly different functional dependence than others. To illustrate this, we consider the normalized distributions corresponding to Model I and Model II, and compare with the respective SM distributions.
In Fig. 4 and Fig. 5 , we present various distributions corresponding to t and Φ decay for Model I and Model II resepectively. As visible from the figures of Model I, only M tt and E Φ show a very slight departure from the SM case for a much larger b value of 0.7. However for Model II, except for the benchmark point P3 and in some cases P4, the distributions follow the SM trend. Like in the case of total cross section, the sign of b does not really show up in the distributions as well. While P3 shows perceivable deviation from the rest of the cases in the E t , M tt , cos θ bb , E Φ , M W W and (P T ) Φ distributions, P4 differes from others in cos θ t and cos θ W distributions. Note that, P3 corresponds to the case with small value of a and large value of b. Whereas in P3 it is the differnece in the magnitude of the parameters that play the role, in the case of P4 it is the sign of the parameter a that seems to affect the distribution. We must note here that it is in fact the relative sign between a and c that matters, indicating that the interference term between the Higgs-stahlung process with the Higgs radiation off the top-quark is indeed the case of this, as expected. This was confirmed by comparing the results between P6 and P7, which concide with each other. Thus, the conclusion that we may draw from these analyses is that, while for small deviations from the SM case the strategy 
The centre of mass energy considered is, √ s = 800 GeV, and an integrated luminosity of 1000 fb −1 is used.
used to obtain the signal sensitivity may be followed, one need to be cautious in general. We would like to alert the reader, that in general, the values of the parameters a and b do not directly relate to the scalar-psuedoscalar mixing. Rather, these parameters could be more complicated functions involving the mixing angle along with other parameters of the model. It is therefore, in principle possible to have deviations of a and b from the SM values of unity and zero, respectively, even if the Higgs resonance is mostly CP-even.
In the rest of this section we shall consider the cases with centre of mass energies of 500 GeV and 1000 GeV.
This case for SM was studied in Ref. [21] using initial beam polarization with (P e − , P e + ) = (−0.8, +0.3) and an integrated luminosity of 1000 fb −1 for a Higgs mass of M Φ = 120 GeV. Here we obtained our signal events from WHIZARD for M Φ = 125 GeV by factorizing the process into its production and decay part as explained previously. We follow Ref. [21] , and work with polarized beams as specified above. This deviation in the treatment compared to the √ s = 800 GeV case is purely due to the limited scope adopted in this study. As made clear in the earlier sections, our main goal is to illustrate the complications that might arise in the case of a general ttΦ coupling, which is more apt to perform a model independent investigation. To this effect, we would like to make direct comparisons with the existing detailed study performed strictly within the framework of the SM. A more complete analysis including advantages of beam polarization over the case of unpolarized beams, with more realistic detector simulations, and adopting strategies independent of the ones considered for the SM case is beyond the scope of this study.
Being close to the threshold, unlike the case of √ s = 800 GeV, in the present case of √ s = 500 GeV, tt bound state effects play significant role, which should be taken care of properly in the signal and background processes.Due to this bound state effects, the tree level amplitudes change by a factor [21, 43] 
Here F encodes the process independent bound state effects, which is a function of the centre of mass energy of tt, √ŝ tt , the three momentum of t in the CM frame of tt, − → p , the pole mass (m t ) and the width (Γ t ) of the top quark.
The factor K i→f is the hard vertex correction factor, which is taken to be 0.843 for the signal, whereas considered to be unity for background processes, giving an overall enhancement factor(R tt ) of 1.28 in signal events [21] . Since these effects are independent of the CP parameters, we will use the same factor in our study.
To determine the prefactor, we consider the dependence of the cross section on the Yukawa coupling. In Fig. 6 we present the variation of the cross section with the Yukawa coupling multiplier for our Model points. Fitting to the quadratic polynomial leads to the following equations for the respective cases. 
In the SM, the prefactor is 0.50 which means the contribution of the 3rd diagram is negligible. For Model I, the prefactor value does not change at all for all considered points. The similar situation persists in Model II except for the points P3 and P4 for which its value is 0.51 and 0.49, respectively. Thus at this centre of mass energy the sensitivity of the Yukawa coupling will be governed purely by ∆σ/σ = √ S + B/S factor. As far as the determination of ∆σ/σ is concerned, the introduction of various kinematical cuts [21] like mass, b-tagging, thrust etc leads to the depletion of signal events by a factor of 0.173 and 0.139 in the hadronic and semileptonic mode respectively. As emphasized earlier we will use the same reduction factors for the representative points in our scenarios. The corresponding top Yukawa sensitivity(g t ) with associated signal significance is given in Table V and Table VI for Model I and Model II respectively. This case gives sensitivity of around 21.4% and 20.7% for hadronic and semileptonic mode in SM. The sensitivity is further dropped to 37.3% and 35.5% for the largest considered mixing b = 0.7 in Model I. For Model II, the best sensitivity of around 19% is obtained in the semileptonic mode for P6 and the worst scenario is for P3 where it reaches 76.2% in the hadronic mode. fig.) and Model II(Right fig.) . This case for SM was considered [23] with a luminosity of 1000 fb −1 split equally between two polarization states, (e + , e − ) = (±0.2, ∓0.8). The analysis was performed using a cut based and a mutlivariate approach. The background events were reduced using the number of selection variables like the number of isolated events in the sample, jet clustering algorithm, flavour tagging, the helicity of the bb pair associated with Higgs boson etc. This case gives a signal significance of 7.0(5.2) and a statistical uncertainty of 7.4%(9.9%) for hadronic(semileptonic) case on the value of g t .
Like the previous case, in Fig. 7 we present σ ttΦ vs Yukawa coupling multiplier plots for different considered parameter points. The corresponding quadratic equations are given below:
Parameter Prefactor Signal(S1) fig.) and Model II(Right fig.) . Here the SM value of prefactor is 0.52 which means the 3rd diagram contributes 4% in the total cross section. In Model I, the prefactor decreases very slightly with the increase of CP mixing and its value becomes 0.519 for b = 0.7. However the prefactor changes significantly in Model II and its value is 0.53, 0.50 and 0.51 for P3, P4 and P6 respectively. For P1 and P2 it remains close to the SM value of 0.52.
The introduction of various kinematical cuts [23] for minimizing the background results in the reduction of signal events by a factor of 0.391 and 0.151 in the hadronic and semileptonic mode respectively. The corresponding top Yukawa sensitivity(g t ) with associated signal significance is given in Table VII and Table VIII for Model I and Model II respectively. As observed from these tables, this case provides the best sensitivity for measuring the top Yukawa coupling. It gives coupling sensitivity of around 7.4% and 9.9% for the hadronic and semileptonic mode in the SM. With non zero CP violation, the sensitivity is further dropped to 11.0% and 14.4% for largest mixing case(b = 0.7) in Model I. For Model II, the best sensitivity of around 5.7% is obtained in the hadronic mode for P6 while the worst case is for P3 where it reaches about 19.9% in the semileptonic mode.
V. SUMMARY AND CONCLUSIONS
The discovery of the 125 GeV scalar resonance at the LHC opens the way for studying its properties in great detail. Being a hadron collider, LHC might not fulfill this task completely which is likely to be followed by a linear collider. On the other hand, the ILC, is perceived as a precision machine, which will be crucial in establishing the properties of this new degree of freedom, at a very high precision. While the mass and branching ratio measurements of the new resonance, and the spin and parity studies so far, indicate an SM-like Higg boson, the verdict is yet to come in b Prefactor Signal(S1) this regard. Moreover, the SM Higgs mechanism is marred with difficulties like the hierarchy problem, which require inputs from beyond the SM. Precise measurement of the Higgs couplings with all the particles will be the key to understand what kind of new physics is in store. Top quark being the heaviest state, couples strongly to the Higgs boson, making a detailed and precise study of the ttΦ coupling essential to help establish the electroweak sector of SM at the energies explored, and at the same time to provide hints of new physics beyond the electroweak energies.
In this work, we have studied the measurement of a general ttΦ coupling, including CP-violating anomalous effects. Such couplings naturally arise in many extensions of the SM, like the 2HDM with CP violation, where Higgs can be a CP mixture of scalar and pseudoscalar components. We note that, although pure CP-odd sate is ruled out by the LHC data, the possibility of a mixed CP state is still a viable option, despite perhaps being small.
The issue of the measurement of the Yukawa coupling and the sensitivity achievable at the ILC at design energies of 500, 800 and 1000 GeV have been the subject of recent studies. In all these, only a SM Higgs was assumed and it was shown that with typical luminosities of 1000 fb −1 , it was possible to achieve sensitivities typically in the range of 10%. At 500 GeV the issue of bound state effects was also studied, since the available kinetic energy for the final state particles is very small. In the present work, we have considered the implication of departing from the SM hypothesis for the Higgs boson. We have considerd a generalized coupling, and studied the effect on the Yukawa coupling measurements.
It is also important to ask whether the methodology is internally consistent or not. We considered distributions in detail in these models. Our study is validated by the features of these distributions, which is that kinematical cuts affects signal events in the same way for different CP parameters which is clear from the distributions and we have used the same reduction factor as for the SM case which has been studied in the literature.
The main conclusion is that the sensitivity worsens as the departure from the SM grows, partly due to the falling signal cross section, and partly due to different functional dependence of the cross section on the coupling. Assuming the same strategy adopted in the previous studies of the SM case, we find that the measurement of the top Yukawa coupling is possible down to about 20% for 500 GeV energy and 1000 fb −1 integrated luminosity in the CP-violating scenario. The case of 800 GeV gives a picture of both improvement, as well as worsening of the sensitivity compared to the case of SM, depending on the values of the parameters a and b, ranging between 7% and 22% for different benchmark points considered. The higher energies of about 1000 GeV, shows improved significance in general ranging between 5.7% and about 20%, where the worst case corresponding to the benchmark point P3, with smaller value of the parameter a. To conclude, this first study demonstrates the need for more detailed investigations on the impact of BSM physics on the measurements of the properties of particles at the ILC.
